A new disruption mitigation valve, the DMV-30, has been developed and tested. The orifice output area of the valve is a factor of 2.4 and 12.25 times larger than that of its predecessors, DMV 20 and DMV 10, and the gas reservoir amounts to 1.3 l while the older version used at JET had only 0.65 l. The coil which provides the magnetic field pulse for the activation of the piston by an eddy current is outside of the working gas volume such that now all gas volumes are now made of stainless steel. The valve has the advantages of the previous developments: it is robust and reproducible, opens fully within three milliseconds and releases 50% of the gas within about 5 ms (He) to 10 ms (Ar). The valve is attached subsequently to two different guiding tubes, one with an inner diameter of 38 mm as used presently at JET and one with 102 mm inner diameter; an aim of this article is the analysis of the gas flows for the different diameters. The front of the gas pulse propagates with a Mach number of about 2.5 through the tubes, independent of the two diameters. This high speed agrees with theoretical expectations of a flow expansion of a half infinite tube in vacuum. In the quasi-stationary phase of the expansion, the gas flows with about sound speed in the 102 mm tube and with about half of the sound speed in the 38 mm tube.
Introduction
The mitigation of thermal loads and mechanical stresses during disruptions is an urgent task to be solved for ITER. Extreme loads are already an issue for present day machines. For ITER the mitigation of these loads is mandatory to ensure the projected lifetime of the vessel structures and plasma facing components. The threat stems from the high thermal energy stored in the plasma and the magnetic energy carried by the plasma current. A review about disruptions, their causes, their effects and schemes of the mitigation of their effects is treated in a special issue of Nucl. Fusion on the "ITER Physics Basis" [1, 2, 3] as well as in the review in [4] . The detrimental effects of disruptions are the excessive heat flux during the energy quench [5, 6, 7, 8, 9] , the generation of runaway electrons [10] in the current decay phase [11] , halo currents of the cold disrupted plasma which partially flows at the plasma edge and partially in the vessel, the enormous forces resulting from halo currents, the loading of the walls and rearrangement of the impurities which often inhibit the start of the following discharge.
Disruptions occur because either a boundary of stable plasma operation is passed or due to a failure of control circuits. The disruptions which slowly pass a stability boundary often provide enough warning time prior to the disruption. This time can be used to start a mitigation process such as rapid and massive gas injection by a special "disruption mitigation valve" (DMV) [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] , by killer pellets [23] , by liquid jets [24] , or by external helical fields [25, 26] . During this warning time, neural networks [27, 28, 29] have been trained to find stable and unstable operation conditions and are applied to warn for a coming disruption. Neo-classical tearing [30, 31] modes proceed typically β-limit disruption, a mixture of modes [32] , in particular the m/n=3/2 and 2/1 modes are observed before most other disruptions.
For the healing of plasma modes, experiments with additional heating [33, 34, 35] have been performed. The heating is of particular interest for plasma states which are close to a radiative collapse, e.g. near the density limit or at increased impurity levels. Heating methods which transfer a toroidal force to the plasma such as tangential NBI have the additional advantage that the dangerous mode locking is avoided. The mode locking due to error fields becomes an increasingly serious problem with the increased size of the fusion devices [36, 37] . For a reactor only very small error fields are tolerable without additional means.
The following article is a continuation of our previous efforts on optimizing a disruption mitigation valve and to measure the flow in a guiding tube between the valve and the vessel [38, 39, 40] . The different devices have different requirements on the amount of gas needed for the mitigation. The amount of gas needed also depends on the type of load to be mitigated.
The highest gas amount is needed to suppress the avalanche multiplication of runaway electrons, whereas mitigation of forces and of heat loads might be achieved at significantly smaller amounts. The required amount for unconditional runaway suppression in ITER is estimated to be 100-500 kPam 3 , depending on gas species [41] . The highest fuelling efficiency is achieved, if the valve releases the gas into the plasma edge before the thermal quench [20] . Unfortunately, the time between the arrival of the gas front at the plasma surface and thermal quench decreases if the arriving gas flow increases. The thermal quench during massive gas injection is initiated when the cooling front reaches the q=2 surface. The transient cooling time may be in the low millisecond range such that a good DMV has to provide a sharp gas pulse. However, a fast valve is not sufficient; the transfer tube between DMV and plasma leads to additional delay in gas delivery and to a broadening of the gas pulse. In the previous JET campaign, the guiding tube had a diameter of 38 mm and a length of about 4 m.
The disruption is observed 7 to 15 ms after the trigger of the valve, depending on the gas species and loading pressure of the valve [22] . The geometry of the guiding tube has strong impact on whether the mitigation goals in ITER can be met by this technique; a characterisation of the flow in the guiding tube is therefore an essential task.
The article treats the new DMV-30 which has an orifice of 28 mm, in contrast to the two previous developments with output openings of 10 mm (DMV-10) and 18 mm (DMV-20) [40] . We then present the resulting gas flow in two tubes of different diameter. The gas flow is measured at three locations along the tube by a new -commercial -interferometer and by
Pitot tubes. The questions of special interest are about the delay of the gas front arrival time at the different locations, about the rise time of the front at the different locations, about the front velocity and about the average pulse velocity. Topics to be treated in the following are the set-up, the characterisation of the new valve including some estimates, a description of the new interferometer and its properties, the Pitot tube for determining the gas flow speed, and a depiction of the gas flow in the two guiding tubes.
The set up
The valve and gas line set-up have been arranged similar to the present JET design of the injection system. A sketch of the experimental set-up is shown in Figure 1 . The gas is filled into the DMV-30 by control valves which are not shown. The pressure in the working gas chamber and in the closure gas chamber is measured with pressure transducers (see below).
The valve is opened after a trigger signal by the activation of a power supply; the released gas flows along the guiding tube of a length of 4100 mm to a recipient of 300 l volume where the initial and end pressures are measured by a 2 bar Baratron. The volume is pumped down by a roots blower before the activation of the valve. At the distances of 297 mm, 2337 mm and 4192 mm from the seal of the valve, windows are placed into the guiding tubes which allow an interferometric measurement of the optical path from which the gas density can be calculated. Between the windows two concrete blocks of 60 kg weight each are attached in order to enhance inertia and to reduce the oscillations of the tube. At the end of the tube we also measure the flow by a Pitot tube. We are using two different tube diameters, namely 38 mm and 102 mm. We now discuss the new DMV and the diagnostics in more detail.
The valve
The DMV-30 is a further development of the previous types and it is based on the same principles [38, 40] . A sketch of its design is shown in Fig. 2 . The active parts of the valve are a coil and a piston. The coil (L = 150 μH) is activated by a power supply (Fug company: HCK 100 -2000 MOD) which discharges a capacitor of C = 400 μF at a voltage of typically U = 1.7 kV via a thyristor. The coil current induces an eddy current in the mushroom part of the piston which transfers a force and accelerates the stem away from the coil. The piston is fabricated out of aluminium which is light, has a high electrical conductivity and is not ferromagnetic, so that magnetic fields near a tokamak have no influence on the valve.
The piston motion opens the gas reservoir towards the tokamak. As compared to its predecessors the valve is larger in size; its gas reservoir amounts to 1.3 l as compared to 0.65 l as we had used previously for JET; the filling pressure is limited to 40 bar. At full pressure, the valve releases slightly more than 40 bar*l.
After its activation, the mushroom part of the piston compresses the gas in the closure volume until the pressure balance between closing and working chamber allows closing. This gas cushion acts as a spring and provides nearly an elastic reflection of the piston. The gas pressure in the closure volume guarantees that the piston closes under all conditions. Since the Viton gaskets at the piston shaft (which separates the working volume from the closure volume) and at the valve exit have both an inner diameter of 30 mm, the piston is force free if the pressure at the exit (usually vacuum) equals the pressure in the closing chamber. In order to press the Viton O-ring at the valve outlet such that the valve is leak tight, a pressure in the closing volume of at least 1.5 bar is required. If the valve is initially not closed, a friction force has to be overcome in addition to move the piston to the closed state. The experiments
show that a pressure of 3 bar in the closure volume is sufficient for this. This pressure has been kept constant during our tests. As closing gas we used Argon. The main differences to the previous design are marked with the letters "A" and "B" in Fig. 2 . Part "A" refers to the penetration of the magnetic field from the coil through the metal casing toward the piston and in part "B" we discuss the expected output of the gas from the valve.
2.1.A) Field penetration
In the previous valve designs, the coil was integrated directly into the closure volume. The coil was manufactured of a copper sheet, isolated by a glass fibre mat and impregnated with epoxy. The new DMV-30 has a full metal casing machined of SS. Due to pressure forces and related safety regulations a wall thickness of at least 5 mm is required for the coil housing.
The question arises whether this wall thickness shields too much the eddy currents and worsens the previously very short activation time of the valve.
Key parameters for the electrical circuit are the coil voltage and the coil current which are displayed in Fig. 3a and 3b. The coil voltage is applied to a quarter of a LC period which is then truncated by the electrical circuit. The coil current is slightly longer than the quarter of the period, but it starts to oscillate when the voltage reaches zero and decays to zero. The oscillation is clearly linked to the voltage passing zero and not to a change in the inductivity as may result from a movement of the piston. The system frequency derived from the quarter of the period amounts to 650 Hz and agrees well with the expectations of an LC -circuit, which means that the external inductivity of the cable can be neglected.
The circuit frequency is related to the skin penetration of the electromagnetic field through a metal by: where δ is the penetration depth, σ the electrical conductivity and ω the angular frequency.
The electrical conductivity amounts for stainless steal (SS, casing) to σ = 1.36*10 no restriction for the fast operation of the valve; we measure for all valves a first gas release after 0.1 ms, which is the first data point after the trigger.
2.1.B) Piston Dynamics
In order to model the valve performance we have measured the axial motion of the piston by a fast camera. For the measurement we have added a 20 cm long pin to the piston. The camera detects the motion of the piston through the observation window which otherwise is used by the interferometer. The motion depends on the pressure in the closure as well as in the injection volume and on the applied voltage/current. 
The interferometer
The measurement of the density of the flow is performed by interferometry, similarly as discussed in our previous publication. We use the commercial type "ZLM 700" from the company "Laser Interferometer Jenaer Meßtechnik" (Germany); it is a two wavelength HeNeinterferometer.
The big advantage of a commercial system is that the programmes are well developed for deriving the optical path or velocity. The interferometer is laid out up to a velocity of 10 m/s. However, our experiments show that the high speed measurement of a machine is different from the flow measurement. The maximal useable change of the optical path is about 10 mm/s, which is three orders of magnitude less. Most likely, the turbulence limits the range of the application of the interferometer. Nevertheless, the chosen commercial interferometer can measure about 10 times higher changes of the optical path than our Michelson one and is therefore used for this set of measurements.
The set-up of the commercial interferometer is shown in Fig. 6 . The set-up differs significantly from the "standard" set-up where two laser beams with a separation of about 1 cm are used. Here only one beam, which in addition is coupled out at point A and transferred to the PC via an optical fibre cable, is used. The two wavelengths of the laser have different polarizations and are mixed in PC where the frequency shift determines the optical path.
Nevertheless, the two wavelengths do not provide an absolute length such that the measurement is also plagued by interferometic jumps, in particular during the highly turbulent phase of the density pulse front. The sampling frequency of the data acquisition is 10 kHz.
The interferometer was calibrated by filling the chamber with the gases He, Ne, Ar and air.
The venting pressure versus the optical distance measured by the interferometer is shown in Fig. 7 for the Ar calibration. The pressure is measured by a 2 bar Baratron head. As expected the dependence is linear; the same is found for the other gases.
During the flow measurements, three different types of disturbances of the interferometric signal are observed.
-The first disturbances result from interferometric fringe jumps. An example is shown in Fig.   8a for an Ar filling pressure of 15 bar measured at the middle location. Three gas shots have been performed with identical settings, indicated by different colors. The signal rises sharply after a short delay (flight time of the gas) and decays at a slower rate after the maximum. The signal reaches a nonzero stationary value after 200 ms. Obviously, the signal has lost some fringes during the steep front of the pressure front. We correct therefore the signal by assuming a linear rate of fringe skips during the rising phase. The resulting signals are shown in Fig. 8b . After the correction, the three gas shots show good reproducibility. The good reproducibility is of course not the only criterion to justify the correction; only after the correction all other data derived from the optical path become self consistent such as e.g. the amplitudes shown in Fig. 14 to 16. -A second type of disturbance is observed only at the entrance window and only with the 38 mm tube. Here the signal does not reach its maximum but shows a dip between 5 ms and 10 ms. Fig. 9 shows the signal of He at 35 bar after performing the correction of the fringe jumps. The origin of this phenomenon is unclear. The fast camera observations show that the dip does not result from an intermediate closure of the valve. The dip occurs for all loading pressures of the valve. As mentioned before, we have added a nearly 20 cm long and 5 mm thick pin to the piston for camera observations. Strangely enough, with adding the pin, the dip disappeared as one can see in Fig. 10 . The only other modification is that the measurement position of the interferometer has been moved by about 10cm further away from the valve.
Since we cannot interpret the dip, we do not correct it.
-The third type of disturbance results from mechanical oscillations imposed by the flow. This effect is important only for the 102 mm tube at the end window. For this condition the flow transports a high momentum to the 300 l volume. The oscillation is excited by the impact of the gas flow and is shown in Fig. 11 . The frequency of the oscillation is relatively low. The black curve shows a possible correction of this oscillation. The other windows are not disturbed by mechanical oscillations, probably because of the stabilizing 60 kg concrete blocks (see figure 1 ). For the 38 mm i.d. tube oscillations are not observed.
Pitot tube measurements
Previously [40] ,the flow of the gas in the guiding tube was determined from a) the time of flight of the foot of the pulse, the middle of the rising pulse and the top and b) from particle balance. Now, in addition, another method is used. Namely, measurements of the dynamic pressure of the flow have been performed from which the velocity can be derived in the quasisationary tail of the gas pulse. To measure the dynamic pressure the Pitot tube shown in Fig.   12 is used. The Pitot tube consists of a 4 mm tube bent by 90° at the lower end such that it is directed against the gas flow direction. The tube ends into a volume of a few cm 3 accessible via two windows. The gas density in the volume has been measured by the interferometer.
The Pitot tube is attached to the guiding tube via a CF-flange. In order to reduce flow turbulences as much as possible, the port is filled with an aluminium block which ends in the radius of the wall of the guiding tube.
The Pitot tube measures the dynamic pressure of the flow which is
Here m is the atomic mass, n the density, k the Boltzmann constant and T the gas temperature.
We assume that the temperature in the Pitot tube is the same as in the valve; The temperature 
The gas flow characterisation
The modelling of the valve in Fig. 7 proposes that the release of the gas has a sharp rise The density traces are marked at three levels by circles, one at the foot of the pulse front one at the middle of the pulse front and one at the top of the pulse front. The levels are found semi-automatically by fitting the pulse rise by a linear function and by calculating the intersections with the origin, with the given maximum and with the half value of the maximum. This data is discussed in figures 17 and 18.
Figs. 14 to 16 give the amplitudes for the gases He, Ne and argon for both guiding tubes. Data are shown as far as they can be analyzed. The curves are linear which is consistent with our earlier statement that the pulse shape is preserved for a given gas and a given position. In all cases the amplitude in the 38 mm tube is about a factor of 10 higher than the one in the 102 mm tube, in agreement with the finding in the previous figure. This factor is somewhat higher than expected from the ratio of the tube cross sections which amounts to 7.2. The higher factor would be consistent with a higher flow velocity in the bigger tube. One also sees the clear trend that the amplitudes decrease systematically from the entrance window via the middle window to the end window because the gas pulse is smeared out. In addition one finds that the amplitudes for Ar are the highest, for Ne are in the middle and for He are the lowest,
i.e. they are ordered in the sequence of their sound velocity. The most interesting quantity is the gas flow, which is not directly measured, but can be estimated from the following considerations. We construct a waveform for the velocity by taking the measured velocities for the three amplitude levels defined above for the nonstationary phase of the gas flow. In the following quasi-stationary phase, we define an effective velocity such that the integrated flow equals the total amount of injected gas. These Table 1 .
By integration of the flow, we get the normalised number of injected particles
which is given in figure 19b . Here ρ is the density, v the velocity, A tube the cross section of the tube, and Q the total amount of gas stored in the valve. Because of the disturbance at the first measurement position in the 38mm tube, a reliable estimate of the flow is not possible at this position. The 102mm tube shows a faster gas delivery at the middle of the tube after about 40% of the gas has past this point. However, at the last measurement position, about 4m away from the valve exit, both tubes show a similar behaviour within the error bar. Additionally, we can compare the measurements to an estimate of the number of injected particles for an adiabatic gas expansion:
with V being the volume of the valve, k is the adiabatic index and c s being the sound speed, which is reached at the orifice of the nozzle with temporal varying area A(t). This area is taken from the measurements of the piston motion and is kept constant when A = π*r 2 is reached. This estimate indicates the limit for the gas delivery in stationary approximation, it can only be overcome if non-stationary dynamics are taken into account. The dotted lines in figure 21 give the gas delivery from this estimate in comparison to the measured number of injected particles for L=185m in the 102mm tube. The measured gas delivery is quite close to this stationary limit.
The time available to inject the gas into the plasma is determined by the duration of the cooling phase. This phase starts when the first gas arrives in the plasma edge and lasts until the thermal quench. After the thermal quench the fuelling efficiency drops significantly. The duration of the cooling phase depends on the plasma parameters as well as on the injected species [22] . Figure 22 shows the time delay from the time when the first gas arrives until 50% has passed the three positions in the tube. This delivery time increases with the mass of the injected species and is shortest for helium. However, with respect to disruption mitigation, one purpose of the gas injection is to reduce the heat loads by radiation. Thus, one has to take into account that helium has a much lower radiation efficiency than argon or neon. In view of suppression of runaway electrons, the total number of injected electrons is the figure of merit.
The normalised number of injected atoms Ñ times the charge number Z is given in figure 19c .
Because of its high charge number, argon delivers more electrons than neon and helium do in the same time.
Summary and Outlook
A new disruption mitigation valve, the DMV-30, has been developed and tested. The valve has the advantages of the previous developments: it is robust and reproducible, starts to open within one millisecond and is fully open after about 3ms. The valve operates with an eddy current drive and is not sensitive to external static magnetic fields. As compared to its predecessors it has a larger volume and opening orifice and the coil is now isolated from the gas volume by a metal casing. According to an estimate of the field penetration through the casing, the performance is not affected by the casing. The gas released by the valve is transferred through a guiding tube of 4m length to a 300 l vessel. We are using two different guiding tubes, one with an inner diameter of 38 mm as used presently at JET and one with 102 mm inner diameter.
The gas flow in the guiding tubes is measured with a new, commercial interferometer and a
Pitot tube. The front of the gas pulse propagates with a Mach of about 2.5 through the tubes, independent of the two diameters. This high speed agrees with theoretical expectations for a non-stationary gas expansion into vacuum where a front speed of Mach three is predicted [42] and as it was observed in our previous experiment as well. In the quasi-stationary phase, a velocity close to sound speed has been found for the 102 mm tube. In the 38 mm tube we observe a flow velocity of only half of the sound speed.
An important quantity for estimating the effect of a possible mitigation of disruptions is the arrival time of the gas pulse. After the passage of a 4 m long guiding tube the front arrives after about 2-5 ms depending on the gas species. After this time of flight, it takes about 10-15ms to inject 50% of the total amount of gas in the case of helium and 20-25ms in the case of argon. A significant faster injection can be achieved with shorter tubes. No significant difference in gas delivery was found with respect to the tube diameter. It remains an open question, if the second density peak measured at the valve exit in the 38 mm tube is related to the physics of gas dynamics and if so, in how far this affects the gas delivery. This analysis is needed before a final conclusion on the optimum tube diameter can be drawn.
The optimum gas species can not be deduced from the analysis given here. It depends on the purpose of the gas injection, plasma cooling by radiation or suppression of the runaway avalanche by increasing the total number of electrons in the plasma. It also depends on the cooling duration, which is the time available for the gas injection. This will differ for the different species because of their different radiation efficiency.
ITER requires an injection of the order of 500kPam 3 of helium or 100kPam 3 of neon for the suppression of runaway electrons [41] . This is a factor 20-100 more than our present valve can inject. However, scaling to these valve sizes seems to be feasible, especially if more than one valve will be used for gas injection in ITER. For the mitigation of heat loads and forces a significant lower amount of gas will be needed. The duration of the injection is estimated to be in ITER of the order of 5-10ms, which has to be confirmed by a size scaling on the basis of present MGI experiments. Such a comparison between different devices requires information about the amount of gas injected until the thermal quench. This data is now at hand for the DMV-30 from the measurements presented in this paper and can be used to validate models of the gas flow. Such an analysis is in preparation and will be presented elsewhere. As compared to the previous designs, the gas reservoir of the working gas is enhanced to 1.3 l, the opening orifice is enhanced to 28 mm (position B) and the valve is totally enclosed in stainless steel (part A) such that the coil is now outside of the closure valve. Fig. 13a (top) shows data for the 38 mm guiding tube and Fig. 13b (bottom) for the 102 mm tube. The pulse of the 102 mm tube is substantially shorter than that in the 38 mm tube. The density value is given in atmospheres as a convenient unit. In order to obtain the data in m -3 , one has to multiply the values by the Loschmidt number L = 2.69*10 25 m -3 . The data marked by the circles at the foot, the middle and the peak of the gas front is used in figures 17,18. As compared to the previous designs, the gas reservoir of the working gas is enhanced to 1.3 l, the opening orifice is enhanced to 28 mm (position B) and the valve is totally enclosed in stainless steel (part A) such that the coil is now outside of the closure valve. Fig. 13a (top) shows data for the 38 mm guiding tube and Fig. 13b (bottom) for the 102 mm tube. The pulse of the 102 mm tube is substantially shorter than that in the 38 mm tube. The density value is given in atmospheres as a convenient unit. In order to obtain the data in m -3 , one has to multiply the values by the Loschmidt number L = 2.69*10 25 m -3 . The data marked by the circles at the foot, the middle and the peak of the gas front is used in figures 17,18. The delay t 0 until the first gas arrives has been subtracted. 
